We have studied intrinsic point defects in crystalline silicon via a tight-binding molecular-dynamics scheme. The intrinsic defects studied in this work are the vacancy, the interstitial, the divacancy, the split divacancy, and the vacancy-interstitial complex. Fully relaxed geometries, gap states, and formation energies are investigated. It is shown that the relaxation effects cannot be neglected, in particular, in the peak position of band-gap states.
I. INTRODUCTION Intrinsic defects in silicon have been extensively investigated both experimentally and theoretically, since the understanding of the role of defects in silicon is essential to control the quality of semiconductor devices. Intrinsic point defects such as the vacancy (V), the interstitial (I), the divacancy ( V2), the split divacancy ( Vz ), and the vacancy-interstitial (V I) comple-x are introduced intentionally or unintentionally during the device fabrication.
The vacancy has been studied by electron-spinresonance (ESR) measurements'
and by ab initio calculations within the local-density approximation. Since Corbett and Watkins proved that divacancies could be produced by high-energy electron or neutron irradiation, independent of vacancy migration or congregation, a good model of divacancy with different charge states was suggested.
The energy levels in the forbidden gap introduced by divacancies have been studied by ESR experiments ' and theories. ' However, the formation energy has not been calculated yet, mainly because its electronic structures are severely distorted in the fully relaxed geometry. Most intrinsic defects are studied theoretically by the first-principles calculations within the local density approximation. This method has been very fruitful for calculation of electronic structures, though the fully relaxed geometry is not fully incorporated in most of calculations. The advent of the ab initio molecular-dynamics (MD) method' removed this limitation. However, the ab initio MD method is computationally expensive for the dynamical calculation at the present stage and the application to large systems is still limited. Therefore it is necessary to introduce a scheme that retains the minimum accuracy of the ab initio method and at the same time retains the computational efficiency.
In this study we adopt the MD method combined with the universal tight-binding (TB) method introduced by Goodwin, Skinner, and 
III. RESULTS AND DISCUSSION
Typical point defects that may be formed during the fabrication of devices are the vacancy, the interstitial, the divacancy, and possibly the V-I complex. In this study 0163-1829/93/48(3)/1486(4)/$06. 00 48 1486 1993 The American Physical Society we will discuss the fully relaxed geometries near defects, the formation energies, the electronic density of states, and the defect levels in the forbidden gap. These will be compared to other results.
A. Fully relaxed geometry
A vacancy is formed simply by removing one atom from the 64-atom supercell. The fully relaxed geometry is obtained by slowly quenching the equilibrated structure at finite temperature (T=300 K). The resultant geometry is illustrated in Fig. 1 Fig. 1(d) Fig. 2(b) . There is a peak at E, +0.88 eV. After the relaxation, the new peaks are developed near the valence-band tails, E, +0.12 eV and E"+0.52 eV, whereas the change in the conduction-band tails is negligible.
In the case of V2 there are two doublets (e,e") at E, +0.94 eV and one inside the conduction bands. Under the JT distortion these will be split into several singlets near E"+1.0 eV, E, +0.46 eV, and near the valence-band tails after the relaxation. In the case of Vz Table II ). 
